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Abstract 
The magnetization of 2D high-temperature superconductors with internal ferromagnetic defects under application of transport current 
and external dc magnetic field was studied by using Monte Carlo method. The current-voltage characteristics were obtained. The S-
type nonlinearity of current-voltage characteristics of the superconductor/ferromagnet system in external magnetic field due to the 
local reversal magnetization of magnetic particles by the field of vortices was analyzed in detail. The formation of magnetic flux 
domains and the wave of defects magnetization during vortex flow were demonstrated. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the ISS 2014 Program Committee. 
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1. Introduction 
The transport properties of type-II superconductors strongly depend on the dynamics of vortex system. The Monte 
Carlo method demonstrated a high efficiency in the calculation of the phase states of vortex lattice, current-voltage 
characteristics and magnetization of layered HTSC. The calculations in presence of nonmagnetic defects were 
performed [1-4], the effects associated with ferromagnetic impurities were analyzed for the cases of surface and bulk 
ferromagnetic defects [5,6]. In [7] the magnetization curves of superconductors with ferromagnetic impurities were 
experimentally obtained. The interaction of a vortex with ferromagnetic particle was theoretically analyzed. It was 
shown [8] that the efficiency of pinning on magnetic impurities is associated with processes of their remagnetization 
which result in hysteresis losses.  
It’s worth noting that in cited works magnetization by an external magnetic field was considered and the critical 
current was estimated from residual magnetization. This method for estimating the important critical parameter is 
integral and does not reveal most of features of the behavior of the superconductor in presence of transport current. In 
[9] the magnetization by the self-field of the current in presence of ferromagnetic defects and dc magnetic field was 
analyzed, the current-voltage characteristics were obtained. The S-type nonlinearity of I-V curve due to the local 
reversal magnetization of magnetic particles by the field of vortices was demonstrated. The effect of temperature and 
concentration of ferromagnetic particles was studied, the H-T phase diagram of the existence of the nonlinearity was 
obtained. 
The aim of our work is to study the behavior of the high-temperature superconductor at the realization of the S-type 
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nonlinearity of I-V curve and a detailed analysis of formation of magnetic flux domains and the wave of magnetic flux 
annihilation in presence of ferromagnetic phase. 
2. Model and the calculation method 
The calculation was performed within the two-dimensional model of a layered HTSC with Monte Carlo algorithm [1-4], 
specially generalized for the description of superconductor and ferromagnet as a self-consistent system. The model is a 
limiting case of the realistic three-dimensional model involving various types of in-plane interactions and the inter-
plane interaction [10]. In this model, a vortex line in the bulk of the superconductor is represented in the form of a set of 
interacting planar vortices (pancakes). Early calculations in this approximation as well as comparison with experiment 
confirm that such an approach provides an adequate description of the situation. Thus, the Gibbs thermodynamic 
potential of a two-dimensional system with variable number of interacting pancakes (in the absence of interplanar 
interaction) takes a form: 
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where ( ) ( )[ ]( )52.0/ln0 += TT ξλεε  is a self-energy of a vortex, N  is a number of pancakes in the layer under 
consideration, second term describes the pair interaction of vortices, the third term is the interaction of vortices with 
pinning centers and the fourth term corresponds to the interaction of vortices with the surface and Meissner current. 
( )2200 4/ πλε sΦ= , ec /0 hπ=Φ  is the quantum of magnetic flux.  
We take into account the presence of ferromagnetic impurities in the bulk of superconductor. We consider an 
ensemble of such impurities as a set of point particles with a magnetic moment with constant absolute value. The 
potential of such magnetic particles has a form: 
pnpmp UUUU ++= ,                                                                     (2) 
                                                                       vpm HU μ−= ,  
μ  is the projection of the particle’s magnetic moment on the direction of the magnetic field of the vortex vH ; U is a 
part of particle’s energy in external fields that is not attributed to vortices; Bμμ 410~ , which is close to real 
experimental data for magnetic nanoparticles. The nonmagnetic part of the interaction of the vortex with the region with 
a decreased order parameter has a form of a potential well with the depth α  and width ~ξ  [1]. The depth of potential 
well associated with the magnetic moment of the defect is on the order of α . Usually, 1.001.0~ −α  eV. 
The size of magnetic domain is determined by the relation between the energy of the domain wall and the energy of 
the magnetic field of uniformly magnetized particle. The radius of magnetic particles under consideration is smaller 
than the size of magnetic domain so that the particles can be treated as single-domain. Change in the magnetization of 
the set of magnetic moments is reached by the rotation of the magnetization of an individual particle. The 
remagnetization of the ferromagnetic impurity in the calculation is most simply implemented by introducing an 
additional subprocess – reorientation of its magnetic moment – to the Monte Carlo algorithm. The theory of the 
remagnetization of an ensemble of ferromagnetic particles is given in [6,11] and references therein. The behavior of the 
magnetization of a set of magnetic particles depends on the mutual orientation of the easy axes and the direction of the 
external field [11]. In our work, we consider the case where the easy axes are parallel to the external field. The 
superparamagnetism of the nanoparticles becomes negligible at low temperature and the magnetization curve of the 
nanoparticles  has in this case a rectangular shape. 
The energy of the interaction of vortex with Meissner current is an inverse work of Lorenz force when the vortex 
moves from the boundary deep into the sample [1]: 
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(per unit length of the vortex line). 0H  is an external dc magnetic field, cIH I /2π=  is a field by transport current I 
at the surface of the superconductor, d is a width of the slab (see [1-3] for details). 
 
3. Results and discussion 
The calculations were performed for temperatures of 1-10 K and for typical parameters of Bi2Sr2CaCu2O8-δ: 
( ) 1800 =λ nm, ( ) 20 =ξ nm, 84=cT K. Ferromagnetic particles have a size ξ~  which corresponds to the 
magnetic moment Bμμ 410~ . The magnetic anisotropy parameter is 7101.0 ⋅=K  3erg/cm , the size of 
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superconducting region under consideration is 56×  μ m. 
At transport currents cjj >  the superconductor passes to a resistive state with a viscous flow of vortex lines. The 
current-voltage characteristics were calculated by the method developed in [1]. The electric field strength E was 
obtained from jEW = , where W is a work of Lorenz force on the displacement of vortices from the boundary to the 
annihilation region. The critical current was defined as a current at which the field strength in the superconductor 
reaches 0.1μ V/cm.  
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Fig.1. The typical current-voltage characteristics of 
the type-II superconductor with ferromagnetic defects. 
The S-type nonlinearity is observed at values of 
external magnetic field 4000 =H  Gs and 
5000 =H  Gs. At the states marked with a-f the 
annihilation region drift is shown (fig.3). 
Fig.1 represents the typical current-voltage characteristics of the superconductor with ferromagnetic defects at 
different values of external magnetic field. In this work, we will demonstrate the effects associated with the nonlinearity 
by the detailed analysis of orientation of magnetic moments of the particles and vortex configurations arising during 
magnetization. 
Let us examine now the ensemble of ferromagnetic particles in the bulk of superconductor. Consider the lines of the 
magnetic defects which are parallel to the boundary of the slab (the lines are numbered in fig.2). The time dependencies 
of the magnetization of the lines are shown in the right side of fig.2. As can be shown from the distributions of vortices, 
the vortex creep in the left side of a slab leads to the wave of magnetization of magnetic defects. The magnetic moments 
in line 1 change their orientation for 6102~ ⋅  Monte Carlo sweeps earlier than magnetic moments in line 5, 
remagnetization of next lines is reached by further increase of the current. This time interval corresponds to the values 
of current at which the nonlinearity is observed. Assuming that a single Monte Carlo sweep corresponds to the time 
interval of 910~ −  seconds and taking into account the width of the slab we can estimate the velocity of the 
magnetization wave movement at values about 0,1 cm per second.  
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Fig.2. Left: Sequential lines of magnetic defects; right: the time dependencies of the magnetization of the lines. At 
6104 ⋅<t  Monte Carlo sweeps 
the slab is filled by vortices which enter from the right boundary. 
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The order of frequency of generation estimated in [9] coincides with values obtained above. 
We analyze now the annihilation region drift. Fig.3 schematically shows the profiles of magnetic flux in the slab at 
the points marked in fig.1. The drift of ‘magnetic domain’ (the front of the annihilation) at increasing of transport 
current is observed and it was shown that at the descending regions of I-V curve the front of annihilation shifts left. 
Note that in case of nonmagnetic defects the front of annihilation shifts monotonically to the centre of the slab.  
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Fig.3. Profiles of magnetic flux averaged over time at the points of )(Ej  curve from fig.1. Regions of annihilations are marked with vertical lines. 
The horizontal lines indicate the level of zero magnetic field.   
4. Conclusion 
The magnetization of high-temperature superconductor with bulk ferromagnetic defects by the self-field of transport 
current was analyzed. The configurations of magnetic flux near the S-type nonlinearity were examined in details. The 
wave of magnetization of magnetic defects was observed and the consistency of the drift of annihilation region with the 
shape of the I-V curve was demonstrated. 
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